Objective: To evaluate the relationship between response categories assessed by magnetic resonance imaging (MRI) or pathology and survival outcomes, and to determine whether there are prognostic differences among molecular subtypes.
INTRODUCTION
Neoadjuvant chemotherapy (NAC) is increasingly being used in patients with locally advanced breast cancer, since studies have shown that survival outcomes and locoregional control achieved with NAC are similar to those achieved with adjuvant chemotherapy (1) (2) (3) . The use of NAC provides valuable information about the efficacy of experimental therapies and the tumor's response to standard therapies. This information may allow clinicians to change regimens http://dx.doi.org/10.3348/kjr.2015. 16.5.986 kjronline.org based on the knowledge gained about NAC (4, 5) .
Many studies have reported that pathologic complete response (pCR) can be used as a surrogate endpoint for prediction of long-term clinical benefits such as diseasefree survival and overall survival (6, 7) . Although pCR is the most commonly used endpoint in neoadjuvant trials, various definitions of pCR have been used by different investigators. Therefore, the survival outcomes of patients with pCR have been controversial. This has led to confusion about interpretation of the results of these trials.
Evaluation of responses to NAC using magnetic resonance imaging (MRI) has been well established as a method superior to other assessment modalities, such as mammography, ultrasound, and palpation (8) (9) (10) . We know that dynamic contrast material-enhanced MRI most accurately assesses tumor response after NAC (9, 11) . However, it is uncertain whether patients with MRIpredicted radiologic complete response (rCR) have similar survival outcomes to patients with pCR. We also wondered if the value of MRI as a prognostic factor for NAC response would vary according to molecular subtypes, as it is well known that different breast cancer subtypes display notable differences in outcomes and responses to standard therapies (12, 13) . To the best of our knowledge, none of the prior studies have focused on the value of response prediction by MRI as a prognostic factor for different breast cancer molecular subtypes.
Therefore, the purposes of our study were to evaluate the relationship between response categories assessed by MRI or pathology and survival outcomes following NAC, and to determine whether the prognostic value of these response categories differs among the various molecular subtypes.
MATERIALS AND METHODS

Patients
Our Institutional Review Board approved this retrospective study and waived the requirement for informed consent. We reviewed data from our institution's breast surgery database between January 2007 and December 2010. Patients with biopsy-confirmed invasive breast cancer who had undergone MRI before and after NAC but before surgery were included in this study. A total of 258 patients (mean age, 44.4 years; range, 23-72 years) were recruited into this study. Patients were excluded if they had histologically confirmed distant metastasis at the time of diagnosis, had malignancy of other organs (n = 2), or had bilateral breast cancer (n = 6).
After reviewing the patients' medical records, we identified four commonly used NAC regimens: adriamycin with cyclophosphamide (AC), adriamycin with docetaxel (AT), adriamycin with cyclophosphamide plus docetaxel (AC-T), and human epidermal growth factor receptor 2 (HER2)/ neu monoclonal antibody-based regimens. The HER2/neu monoclonal antibody-based regimens included AC-T with trastuzumab, docetaxel with pertuzumab, docetaxel with trastuzumab, and trastuzumab with pertuzumab. In an effort to evaluate the data under more homogeneous conditions, we also excluded the patients who were treated with any other regimens (n = 58), at an outside hospital (n = 3), or who had less than 24 months follow-up (n = 15). All patients were treated with four cycles at 3-week intervals according to their regimen protocols.
After applying the criteria, a total of 174 patients (mean age, 43.8 years; range, 23-72 years) were ultimately included in our study. The patient characteristics are summarized in Table 1 .
MRI Examination and Analysis
MRI was performed using a 3T Achieva scanner (Philips Medical Systems, Best, The Netherlands) with a dedicated bilateral phase array breast coil in the prone position. The MRI examination consisted of turbo spin-echo T1-and T2-weighted sequences and a 3-dimensional dynamic contrastenhanced (DCE) sequence. The following DCE-MRI scanning parameters were used: repetition time/echo time, 5.5 msec/2.8 msec; slice thickness, 3 mm; matrix size, 500 x 237; field of view, 300 mm; and flip angle, 12°. DCE-MRI was performed with axial imaging, with one pre-contrast and four post-contrast dynamic series. Contrast-enhanced images were acquired at 1.5, 3, 4.5, and 6 minutes after contrast injection. Image subtraction was performed after the dynamic series. For dynamic contrast enhancement, a 0.1 mmol/kg bolus of gadopentetate dimeglumine (Magnevist; Bayer Healthcare Pharmaceuticals, Montville, NJ, USA) was injected, followed by a 20 mL saline flush.
Two radiologists reviewed the images without knowledge of the pathologic outcome and reached consensus (19 and 9 years of experience, respectively, in interpreting breast MRI). To ensure interpretive consistency, MRI examinations of each patient performed both before and after NAC were reviewed in a single session. The classification of rCR was applied when all available images revealed no enhancement at the previous site of the lesion compared with normal background tissue. If subtle enhancement was noticed only 
Histopathologic Analysis
All patients underwent surgery, regardless of their response to NAC. The mean time between follow-up MRI and surgery was 9 days (range, 3-30 days).
Residual disease in the breast after NAC was categorized as: 1) no residual cancer cells; 2) ductal carcinoma in situ (DCIS) with no residual invasive cancer; or 3) residual invasive cancer. A pCR was defined as no invasive cancer; therefore, it included both categories 1) and 2) (14) . Axillary lymph node status was also considered in the definition of pCR. Therefore, a pCR was defined as ypT0/is ypN0 in this study.
The expression status of the estrogen receptor (ER), progesterone receptor (PR), and HER2 was determined from histopathologic reports of core biopsies performed prior to chemotherapy (15) . Samples obtained from core needle biopsy were classified as positive for ER and PR if ≥ 10% of the nuclei were stained (16) . Tumors with HER2 scores of 3+ (strong homogeneous staining) were considered positive. In case of tumors with 2+ scores (moderate complete membrane staining in ≥ 10% of tumor cells), silverenhanced in situ hybridization was used to determine HER2 amplification (gene copy number > 6 or HER2/chromosome 17 ratio > 2.2). Tumors were classified into 3 subgroups based on their receptor status in pretreatment core biopsies: triple-negative (ER-, PR-, HER2-), HER2-positive (HER2+, 
Statistical Analysis
Kappa statistics were used to evaluate agreement of the response categories assigned based on follow-up MRI and pathology.
The primary end point analyzed was recurrence and recurrence-free survival (RFS). Breast cancer recurrence was defined as either locoregional or distant recurrence. Locoregional recurrence was defined as recurrent disease in the ipsilateral breast or in the axillary, supraclavicular, infraclavicular, or internal mammary nodes. Recurrence at any other site was considered to be distant metastasis. We only recorded the first recurrence, and RFS was defined according to the Standardization of Events and End Points criteria (17) CI = confidence interval, ER = estrogen receptor, HER2 = human epidermal growth factor receptor 2, MRI = magnetic resonance imaging, pCR = pathologic complete response, rCR = radiologic complete response Table 2 shows a comparison of response categories based on MRI and pathology results for each molecular subtype. Among the entire group of 174 patients, 34 patients (19.5%) showed a CR on MRI and 37 (21.3%) patients showed a pCR. The kappa value for overall agreement between radiologic and pathologic classification was 0.629, indicating that there was substantial agreement (95% confidence interval, 0.484-0.773). The kappa value was the highest in triplenegative breast cancers (kappa value = 0.778). MRI findings accurately predicted pCR in 25 patients. As shown in Table  2 , rCR and pCR rates were highest in HER2-positive breast cancers (30.5% and 37.3%, respectively). ER-positive breast cancers showed the lowest rCR and pCR rates (7.5% and There were 41 cases of recurrence (9 cases of locoregional recurrence and 32 cases of distant recurrence). There were no cases of in-breast recurrence. The mean time to recurrence was 19.3 months (range, 2-49 months). Disease recurrence was observed in 20 patients with triple-negative breast cancer (20/48, 41.7%), seven patients with HER2-positive breast cancer (7/59, 11.9%), and 14 patients with ER-positive breast cancer (14/67, 20.9%). The mean followup time was 54.8 months (range, 24-89 months). Figure 1 shows that there was a statistically significant difference in RFS between patients who did and did not achieve a CR as assessed by both radiologic and pathologic methods (p = 0.003 and 0.013, respectively). As shown in Table 3 , there were statistically significant differences in recurrence hazard ratio according to the radiologic response category, pathologic response category, and lymphovascular invasion (hazard ratio, 11.02; p = 0.018, kjronline.org hazard ratio, 3.93; p = 0.022, hazard ratio, 2.44; p = 0.008, respectively). When analyzed according to the molecular subtype, only patients with triple-negative breast cancer showed a significantly higher recurrence hazard ratio (hazard ratio, 2.49; p = 0.009). Kaplan-Meier curves for RFS in patients with CR versus non-CR assessed radiologically or pathologically for each molecular subtype are shown in Figure 2 . By both radiologic and pathologic assessments, triple-negative breast cancer was the only subtype that showed significantly better outcomes in patients who achieved a CR compared to patients who did not achieve a CR (p = 0.004 and 0.001, respectively). Patients with ERpositive and HER2-positive breast cancer who achieved a CR did not have significantly better RFS compared to patients with a non-CR when responses were assessed either radiologically or pathologically (ER-positive, p = 0.291, 0.341, respectively; HER2-positive, p = 0.360, 0.337, respectively). Multivariate analysis using the Cox proportional hazards model showed that, although patients who achieved a rCR or a pCR were less likely to experience recurrence than patients who did not achieve a CR, the difference was not statistically significant (hazard ratios = 2.02 and 1.12, respectively; p = 0.505 and 0.869, respectively) ( Table 4) .
RESULTS
Patient Recurrence Outcomes
Comparison of Recurrence Outcomes by Radiologic and Pathologic Assessments
Patients with lymphovascular invasion were more likely to have recurrences, and this difference was statistically significant according to both radiologic and pathologic assessments (hazard ratio = 3.13; p = 0.003 and hazard ratio = 3.33; p = 0.002, respectively). When we examined individual molecular subtypes, patients with triple-negative breast cancers were more likely to experience recurrence compared to patients with ER-positive breast cancers. The difference was statistically significant (hazard ratio = 5.64; p < 0.001 and hazard ratio = 5.74; p < 0.001, respectively).
DISCUSSION
The clinical significance of pCR is a controversial issue which has been the topic of ongoing debate. Many researchers have reported improved long-term outcomes in patients with pCR compared to patients with residual tumor at the time of surgery (18) (19) (20) (21) . Therefore, achieving a pCR has been considered to be the ultimate goal for a favorable prognosis. Although most NAC trials have shown that pCR is associated with favorable outcomes, this phenomenon was not seen in the National Surgical Adjuvant Breast and Bowel Project B-27 neoadjuvant trial. In that trial, a significant number of patients did achieve a pCR when paclitaxel was kjronline.org added to a doxorubicin-based chemotherapy regimen, but the improvement in the pCR rate was not significantly associated with prolonged RFS or overall survival (22) . Several recent studies also confirmed these observations (23, 24) . Based on these findings, we questioned whether patients who achieved a pCR had favorable outcomes compared to patients without a pCR. We were also interested in determining the clinical significance of rCR, as predicted by MRI, and whether patients who achieved a rCR showed similar survival outcomes to patients with a pCR. In our univariate analysis, there were statistically significant differences in recurrence outcomes between patients with a CR versus a non-CR based on both radiologic and pathologic assessments. However on multivariate analysis, patients with a CR based on MRI and pathology did not have significant differences in recurrence outcomes. Most published clinical trials for breast cancers have been conducted in heterogeneous groups of patients with mixed molecular disease subtypes. Esserman et al. (25) recently evaluated whether response to therapy (i.e., a pCR) would predict a RFS outcome, both overall and within biologic and imaging subsets. Their study of 221 patients showed that the rate of pCR and the significance of a pCR differed among the different receptor subsets. In their study, the rate of pCR was highest in patients with hormone receptor-negative/HER2-positive breast cancers (45%) and lowest in patients with hormone receptor-positive/HER2-negative breast cancers (9%). Additionally, a pCR was more predictive of RFS within each established receptor subset than in the overall population. More recently, Cortazar et al. (23) reported that the association between a pCR and long-term outcomes was weakest for hormone-receptorpositive and low-grade tumors, as well as for HER2-positive and hormone-receptor-positive tumors. Similarly, in studies by von Minckwitz et al. (19, 21) , the association between a pCR and long-term outcomes was strongest in patients with aggressive breast cancer subtypes, while a pCR was not prognostic in patients with luminal A, luminal B, or HER2-positive breast cancers. Our results were consistent with these findings. In our study, there were significant differences in recurrence outcomes and overall RFS in patients with a rCR versus a non-rCR, and in patients with a pCR versus a non-pCR on univariate analyses and Kaplan-Meier curves. However, when analyzed according to molecular subtypes, triple-negative breast cancer was the only subset that showed a significantly different RFS between patients with a rCR versus a non-rCR and between patients with a pCR versus a non-pCR. It is relatively well established that pCR has a lower prognostic ability for ERpositive tumors, and our results support this idea (19, 25) . Similar to our findings for pathologic assessment, survival outcomes did not differ significantly between ERpositive breast cancer patients with a rCR and a non-rCR. Although rCR and pCR rates were the lowest in ER-positive breast cancers, recurrence was also less frequent. Many studies have shown that hormone receptor-positive/HER2-negative breast cancers are the least sensitive to adjuvant or NAC, but they show good prognosis (12, 26, 27) . This demonstrates that being refractory to chemotherapy does not necessarily indicate poor prognosis in ER-positive breast cancers.
Kappa values of agreement between rCR and pCR were substantial. The definition of a pCR used in this study was ypT0/is ypN0, a definition that includes DCIS. Because DCIS and invasive cancer were not differentiated on MRI, only the invasive tumor was regarded as residual disease in our study. Therefore, in tumors combined with DCIS, overestimation on MRI is inevitable and causes low agreement between radiologic and pathologic assessments. We have reported this issue in our prior study (28) .
Our study had several limitations. First, we did not evaluate the status of adjuvant hormonal therapy or adjuvant chemotherapy; this could have affected the survival outcomes. Second, this study was retrospective in nature and had a relatively short follow-up period. Also, the short follow-up might partially explain why the number of patients with recurrence was small, making it difficult to show a robust survival outcome. As patients with ERpositive breast cancers have been shown to have very low rates of early recurrence as well as low rates of response to chemotherapy, a longer follow-up is required to fully explore this issue (26, 29) . Third, we did not analyze HER2-positive breast cancers according to hormone receptor status and the specific NAC regimen with or without a HER2-targeted drug. As a result, the HER2-positive breast cancer group was heterogeneous in our study. Fourth, the number of patients with recurrence was so small that we could not perform multivariate analyses to evaluate recurrence outcomes between patients with CR and without CR according to molecular subtypes. Fifth, we did not perform a quantitative analysis that used size or volumetric measurements.
In conclusion, patients with a rCR showed similar recurrence outcomes and RFS to patients with a pCR. CR based on MRI and pathology following NAC could be a kjronline.org useful prognostic factor for triple-negative breast cancer. Molecular subtypes and lymphovascular invasion are independent prognostic factors for recurrence. However, to obtain more robust evidence of survival difference according to the molecular subtype, a larger study is necessary.
